High velocity boundary layer transition experiments are performed in a Ludwieg tube set-up. At a Mach number of 0.36, the transition is studied by using several turbulence generating grids. These grids cause turbulence levels varying from 0.25% to 3.5%. It is found that, depending on the turbulence level, dierent intermittency distributions should be used to describe the transition zone well. For low turbulence levels, the Narasimha and the Johnson models, which are based on turbulent spots, show good agreement with the measurements. For intermediate levels, the front part of the transition zone follows a distribution which is described by turbulent spots which decrease in size. In these cases, the latter part of transition also shows agreement with the Narasimha and Johnson models. A major dierence with thè classical' intermittency distributions is obtained for high turbulence levels. Assuming that for these levels non-growing turbulent spots are initiated in the whole transition zone, an exponential intermittency is derived. In the measurements these distributions indeed are found. Ó
Introduction
The boundary layer heat transfer increases signi®-cantly when laminar to turbulent transition occurs. Especially, in turbomachines, where hot gases from the combustion chamber force an enormous heat¯ux to the turbine blades, it is of major importance to know this heat transfer exactly. Almost half the area of the turbine blades is covered by the transition zone. Due to these high heat¯uxes, it is very important to know the in¯u-ence of several parameters on the transition because a delay of the start, or increase of the transition length, has a large eect on the total heat transfer.
Transition is in¯uenced by the turbulence level, turbulence length scale, Reynolds number and pressure gradient. There are also eects of compressibility and surface curvature. An overview of parameters can be found in [1±3] .
When transition starts it is assumed that turbulent spots are initiated in the laminar boundary layer. These spots were discovered by Emmons [4] in a water tunnel. It is supposed that a turbulent spot is a local area of turbulence. Most transition models which are used nowadays are based on these turbulent spots. Dhawan and Narasimha [5] argued that the spots are initiated with in®nitesimal small size in a narrow area around the transition start. The spots convect in streamwise direction with a mean velocity which is less than the main ow velocity. The leading edge travels faster than the trailing edge and so the turbulent spot grows lengthwise while moving in downstream direction. Furthermore, the spots appear to remain in the same shape so they also grow laterally. At a certain point, the spots start to merge until the¯ow is completely turbulent. This is said to be the end of transition. Narasimha [6] derived an analytical solution for the intermittency distribution by assuming that all spots originate from one streamwise position. Johnson and Fashifar [7] assumed a distributed breakdown of in®nitesimal small turbulent spots and obtained good results for low turbulence level transition experiments.
In general, a distinction between natural and bypass transition should be made [8] . For low disturbance levels in the main¯ow Tollmien±Schlichting waves are initiated at a certain Reynolds number. These waves grow www.elsevier.com/locate/ijhmt in amplitude and three-dimensional waves start to develop. Further downstream, the ®rst turbulent spots occur until transition is completed. This scenario is called natural transition. However, for higher turbulence levels the Tollmien±Schlichting and three-dimensional waves do not occur. The disturbances in the main¯ow enter the boundary layer and turbulent spots are initiated immediately. This is called bypass transition (bypassing to transition in the natural mode). Mayle [3] argued that turbulence levels above 0.4% cause bypass transition. Most experiments on transition are performed in low speed wind tunnels [9±11]. In most cases, hot-wire experiments are used to determine transition characteristics. Velocity pro®les in the boundary layer are measured from which the skin friction coecient is determined. This method only works at low main stream velocities, when the boundary layer is thick enough to obtain sucient data points. From the thus determined friction coecient, the intermittency can be determined as the fraction of the increase of friction relative to the increase of friction that would occur in a fully turbulent boundary layer. Another possibility is to analyse the hot-wire signal measured close to the wall. In the transition zone, this signal shows an intermittent behaviour between`laminar' and`turbulent' as a function of time. From this, the intermittency is calculated by evaluating the fraction of time the¯ow is turbulent.
At higher main stream velocities, heat transfer experiments are more convenient to use. This method has the additional advantage of directly determining the transitional data that are of direct interest for gas turbine purposes. Furthermore, heat transfer techniques do not disturb the boundary layer.
Transitional heat¯ux experiments in transient facilities can be found in literature. High velocities are obtained for a short time by using, for example, an isentropic light piston tunnel (ILPT) [12] or a Ludwieg tube with isentropic compression heating (LICH) [13] . These measurements are performed in low turbulencē ows where naturally occurring spot properties are determined. Bypass transition experiments on instrumented blades also can be found [14] . They showed that the heat transfer on a turbine blade indeed increases signi®cantly when laminar to turbulent transition occurs.
High velocity measurements at high turbulence levels on a¯at plate are scarce. Blair [11] conducted a large series of experiments with turbulence levels up to 7%. However, these experiments were performed at a relatively low velocity (30 m/s). This paper describes measurements to obtain transitional data at high (subsonic) velocities. The measurements are performed in a Ludwieg tube set-up. In this set-up well-de®ned high velocity¯ows can be generated. Measurements are performed in a wide range of ow parameters which are important for turbomachinery design.
First, the experimental set-up is described. Second, hot-wire and heat transfer measurements are presented. For the latter, a thin ®lm technique is used. From these 
Experimental set-up
The experiments are performed in a Ludwieg tube. Hogendoorn [15] showed that it is possible to obtain well-de®ned¯ow conditions in this set-up. A large range of¯ow conditions is covered in a Ludwieg tube. For example, the Mach number can reach values up to 0.55 and the unit Reynolds number (Re u U am) can reach values up to 5 Â 10 6 m À1 . The experimental facility consists of a tube connected to a test section. This section contains a¯at plate with thin ®lm sensors for measuring the surface temperature. Just above the plate, a hot-wire can be mounted. The side wall of the section contains a pressure gauge. Upstream of the leading edge, several turbulence generating grids can be positioned. A schematic view of the experimental set-up is given in Fig. 1 .
The test section is connected to a dump tank via a diaphragm and a choking ori®ce. Prior to an experiment the pressure in the dump tank is brought to 300 N m À2 , while the pressure in the tube and the test section is set to a value which is less than or equal to the ambient pressure. When the membrane is ruptured, by an electrical pulse, an expansion wave travels from the dump tank towards the end of the tube and vice versa. During this time, which is approximately 40 ms, a constant¯ow along the sensor plate is obtained. Due to the expansion, the gas temperature drops while the temperature of the sensor plate remains at the initial value (ambient temperature). This temperature dierence results in a heat ux from the plate towards the cooled gas. In the test time the pressure, hot-wire and heat¯ux measurements are performed.
Pressure measurements
The Mach number is adjusted by the choking ori®ce. In an ideal Ludwieg tube, the Mach number is independent of the initial pressure in the test section. This means that the unit Reynolds number and the Mach number can be varied independently. Setting the initial pressure (and thus the initial density) determines the Reynolds number, while the geometry of the choking ori®ce determines the Mach number. By assuming an ideal gas and isentropic¯ow it is easy to derive a relation between the actual Mach number and the pressure ratio in the tube
where p i is the initial pressure and p is the pressure recorded during an experiment. An example of a pressure signal is given in Fig. 2 . A plateau in the signal is observed for about 40 ms, this is the time the Mach number at the test section is constant.
Heat transfer measurements
A thin ®lm technique is used for measuring the temperature at the top of the sensor plate [15] . These sensors are made of titanium deposited on a substrate of glass. The sensor dimensions are: length: 3 mm, width: 20 lm and height: 200 nm. The ®rst sensor is positioned 2 mm behind the leading edge while the distance between each sensor is 5 mm.
The sensor resistance is assumed to be a linear function of the temperature
Calibration gives the factor a 0 and R 0 for each sensor individually. The value of a 0 is approximately 2X2 Â 10 À3 K À1 and the value of R 0 is approximately 1 kX. Each sensor is part of a Wheatstone bridge. During an expansion experiment, the sensor voltage is recorded at a frequency of 50 kHz. The temperature then follows from Eq. (2) . Heat¯uxes at each streamwise position are calculated by numerically solving the one-dimensional unsteady heat conduction equation perpendicular to the sensor plate
with q, c and k the known substrate properties. Boundary conditions are the (measured) top temperature of the substrate and the bottom temperature which is assumed to be constant during an experiment. This assumption is valid as long as the thermal front does not reach the bottom side of the plate, which is true for 1 s after rupturing the membrane. As the complete experiment only takes 0.1 s, it is a valid boundary condition.
Heat¯ux calibration
To test the sensor accuracy, a laminar¯ow along the plate is initiated. The time mean heat¯ux should have the value expected from Blasius theory [16] 
where T r is the recovery temperature which is a function of the Mach number. Fig. 3 shows the measurements for a unit Reynolds number of 1X5 Â 10 6 m À1 and a Mach number of 0.36. Also the expected heat¯ux is depicted. It is seen that there is a slight deviation for each sensor. This deviation is explained by three dierent error sources. The ®rst one originates from calibration and dissipation eects in the sensors. A second deviation occurs when the boundary layer starts to develop not at the leading edge but at a virtual origin situated slightly earlier. In that case, the theoretical curve shifts towards the leading edge. The third error is introduced by a small pressure gradient. This is indicated by a systematic increase of the heat¯ux in streamwise direction. To avoid¯ow separation, the sensor plate has a small angle of attack (2X4 ) which is the reason for this pressure gradient.
The data of each experiment are corrected for the above-mentioned deviations by estimating a multiplication factor. This factor is determined for all sensors separately by comparing the sensor output for a laminar ow to that for a theoretical Blasius¯ow.
Main stream turbulence
Turbulence in the¯ow is initiated by using turbulence generating grids. These grids can be positioned at two positions in front of the leading edge. Position`H' is situated 167 mm upstream and position`L' is situated 232 mm upstream. The grid dimensions, mesh and bar diameter, together with the turbulence levels (accuracy AE2%) obtained are given in Table 1 .
Hot-wire measurements are performed to determine the main stream turbulence level. In the present set-up, a wire length of 0.6 mm and a diameter of 2X5 lm has been used. The wire is positioned 10 mm above the sensor plate, which is high enough to not disturb the boundary layer. The hot-wire is used at two streamwise positions. The ®rst position (Tu1) is 27 mm in front of the leading edge of the sensor plate while the second position (Tu2) is 30 mm behind the leading edge. These positions were chosen for constructional reasons. The wire is calibrated for four dierent unit Reynolds numbers at each position. The sampling frequency was 400 kHz.
A typical hot-wire signal for the 4 mm turbulence grid is given in Fig. 4 . The background turbulence level, i.e. the turbulence level which is measured without a grid, is found to be 0.25%. Several length scales are important in the transition process. Signi®cant scales are the turbulence length scale and the boundary layer thickness. Due to the high velocity in the set-up, the boundary layer thickness is small. The length scale of the turbulence in our experiment can be characterised by the mesh size. Therefore, the ratio of the turbulence scale and the boundary layer thickness is large, indicating that the present measurements are performed in a new parameter range. Our experiments resemble the conditions in a gas turbine more, closely, compared to measurements in a low speed wind tunnel.
Transition experiments
Heat¯ux measurements are performed for the different turbulence generating grids at a Mach number of 0.36. The unit Reynolds number in the test section is adjusted such that the transition region covered a few centimetres of the plate (Table 1) .
There are 27 sensors available on the sensor plate. However, the maximum number of channels which can be used in one experiment is 16. For this reason the heat ux measurements have to be performed twice. The ®rst experiment is taken with the odd numbered sensors connected, while the second experiment is taken with the even numbered sensors. Afterwards both measurements are combined.
To compare the¯uxes for several experiments, they are transformed to Stanton numbers
The results are given in Figs. 5 and 6. The heat¯ux distributions are comparable to those of Blair [11] obtained for low main stream velocities (30 m/s). However, the turbulence level giving a certain distribution is lower in our case (our 1.25% distribution is comparable to Blair's 2% distribution). This also was observed in earlier experiments [17] . It was found that increasing the Mach number results in a decrease of the turbulence level, while no in¯uence on the transition was recognised (when the turbulence grid is unchanged). This indicates that the structure of turbulence has a more signi®cant eect on transition than the turbulence level itself.
The intermittency c at a certain streamwise position is de®ned as the fraction of time the¯ow is turbulent on that position. However, due to the fact that in our case heat¯ux measurements are performed, we used another manner to de®ne the intermittency. From the theoretical laminar heat¯ux q l x and a ®tted curve through the turbulent part q t x, the intermittency is obtained
The mean heat¯ux qx is determined by taking the average of¯uxes during the test time (which is 40 ms). This de®nition implies that transition starts when the heat¯ux starts to deviate from the laminar value. Determining the intermittency by means of the friction coecient was already done by Dhawan and Narasimha [5] . The heat¯ux analogy was proposed by Chen and Thyson [18] . This approach follows from the Reynolds analogy which describes that for a Blasius boundary layer, the friction coecient and the heat¯ux are related by a factor of two.
The intermittency curves for the experiment with several turbulence generating grids are presented in Fig. 7 .
Low turbulence levels
Models describing intermittency are based on the assumption that turbulent spots, discovered by Emmons [4] , develop after a certain critical momentum thickness Reynolds number, Re hYtr , has been reached. Dhawan and Narasimha [5] assume that spots originate with a Gaussian distribution around the transition start x tr . Added to the assumption that the spots form at an in®nitesimal size at one streamwise position, the Narasimha model [6] is obtained. The Narasimha model assumes a constant spreading rate of the spot. This rate is characterised by a non-dimensional parameter r, which depends on the spot growth angle b and the trailing and leading edge velocities of the turbulent spot
If N is the number of spots per spanwise length, the change of intermittency at a certain streamwise position is characterised by dc dx N rX 8
Johnson and Fashifar [7] stated that the change in number of spots is represented by
In this equation U is the mean velocity of the spots and n the number of spots per second per meter span which originate at the transition start. The ®rst term on the right-hand side is the amount of turbulent spots which reach the present streamwise position by convection. Merging of spots is described by the second term and gives a negative contribution to the number of spots. Eqs. (8) and (9) are combined to an ordinary dierential equation describing the intermittency in streamwise direction
From this equation the Narasimha intermittency distribution is obtained, when assuming rnaU to be constant
Johnson and Fashifar [7] extended the model by taking rnaU not constant but a linear function of the streamwise distance. This results in the Johnson intermittency distribution (J is a constant)
It should be noted that a similar distribution (thirdorder dependence on the streamwise distance) was already proposed in the original paper of Emmons [4] . He obtained this distribution by assuming not a point wise (at x tr ) but a distributed (constant along x) breakdown of turbulent spots. The start of boundary layer transition can be de®ned in several manners. The ®rst de®nition is that the start of transition takes place when turbulent spots are initiated. These spots in¯uence the heat transfer as well as the friction coecient. So, the point where the heat transfer and/or the friction coecient starts to deviate from the expected value in the laminar case is the transition start. The second de®nition used is that the start takes place at the point where the heat¯ux and/or the friction coecient obtains a local minimum. The latter de®nition implies a start which is situated further downstream compared to the former de®nition. However, as is seen in Figs. 5 and 6, the latter de®nition is not applicable for turbulence grids with large diameter bars because a local minimum cannot be recognised.
To determine the start obeying the ®rst de®nition, Narasimha [6] transformed the intermittency by
Transforming a real Narasimha intermittency distribution with s 2 results in a straight line. The start is obtained by taking F c 0, while the transition length depends on the slope of F. The transformation with s 3 is used to see whether an intermittency obeys the Johnson model. In Fig. 8 the intermittency distribution for the 1L grid is shown. Fig. 9 gives the function F for the experiment with the 1L grid. It is seen that the latter part of F indeed follows a line while the front part deviates. The discrepancy is explained by the fact that turbulent spots do not originate at one ®xed streamwise position but in a small area around this position. The Johnson model gives a better description of the intermittency distribution for the 1L grid, especially for the transition start.
Turbulent spots
Individual turbulent spots are recognised in the heat ux signals. The output for several sensors in the transition zone for the 2L grid are given in Fig. 10 (all sensor outputs are plotted on the same y-scale but shifted vertically; sampling frequency of the signals: 50 kHz). Clearly, turbulent spots are recognised. The spots grow and convect in streamwise direction. Cross-correlation of the output (sampling frequency 380 kHz, peak distance determination inaccuracy AE2%) of two sensors, situated at Re x 2X28 Â 10 5 and Re x 2X68 Â 10 5 , gives the mean velocity of the spots. The velocities taken relative to the main stream value are given in Table 2 . All the correlation experiments are performed at a unit Reynolds number of 4 Â 10 6 m À1 . The main cause for the spread is caused by a non-sharp cross-correlation. A peak is visible in the correlation diagrams, but determining the peak centre introduces the inaccuracy.
Clark et al. [12] performed measurements in an ILPT to determine the velocity of naturally occurring turbulent spots. They found that for a Mach number of 0.25 and 0.55, the mean velocity of the spots was 65% of the main stream velocity. Ching and La Gra [13] did experiments at several unit Reynolds numbers in an LICH. For a unit Reynolds number of 2X4 Â 10 6 m À1 , they found a mean spot velocity of 68% and for a unit Reynolds number of 4X2 Â 10 6 m À1 they found a velocity of 63%. Therefore, the values listed in Table 2 are slightly higher than the velocities which are found for natural occurring spots. No attempt has been made to distinguish between the leading-and trailing-edge velocities of the turbulent spots. In our case too many spots were present in the¯ow to determine these features.
High turbulence levels
The intermittency distributions for the 3H and 4H grids are depicted in Fig. 11 . These distributions cannot be described well by either the Narasimha or the Johnson model. However, when another source of the spot production is used, better results are obtained. It is assumed that the turbulent spots are initiated not only at one streamwise position but along the whole distance in the transition region. So, this hypothesis is identical to the one proposed by Emmons [4] . Spots are assumed to enter the boundary layer at a rate of m per meter in streamwise direction per meter in spanwise direction (note that the dimension of m is dierent compared to that of n). A second assumption is that the spots enter the boundary layer with an initial size w. The boundary layer is intrinsically stable. Therefore the spots do not grow. The resulting equation for the streamwise intermittency is
which has an exponential distribution as solution
Fig . 11 shows the intermittencies for the 3H and the 4H grid. Good agreement is found for the exponential model. So, apparently the hypothesis of no spot growth in combination with a distributed spot production ®ts the measurements.
Intermediate turbulence levels
In measurements at intermediate turbulence levels, the results cannot be described by either of the preceding models. However, it appears that the results can be described by a combination of models. Our hypothesis is that during the ®rst part of transition, de®ned as the pretransition part, spots are able to enter the boundary layer but decrease in size due to diusion in the still stable boundary layer. After a certain Reynolds number the boundary layer will become unstable, spots start to grow and the conventional route to turbulence, according to the Narasimha model, is followed. It is likely that the spot growth parameter, or for present purpose: a spot decay parameter, is a function of the streamwise distance. However, for simpli®cation this is not incorporated in the model. The equation describing the pretransition zone with decreasing turbulent spot size is
In this equation, the ®rst term on the right-hand side describes the change in intermittency due to the decrease of spot size. For this purpose the parameter a, which is a measure for the`spot decay rate', is introduced. The second term is the number of spots which enter the boundary layer. This term is the same as in the exponential model (Eq. (14)). The solution for the intermittency is
This pre-transition distribution has an exponential growth towards an intermittency which is not identical to one. Fig. 12 shows the measurements together with the pre-transition model and the Narasimha model. It shows good agreement for the data obtained for the 2L, 2H and 3L grid. Therefore, the pre-transition model combined with the Narasimha model gives a good description of the intermittency distribution at these intermediate turbulence levels. It seems that until a certain Reynolds number is reached turbulent spots with a certain initial size enter the boundary layer and decrease in size. After this Reynolds number, which is dependent on the turbulence grid, the boundary layer seems to be unstable enough to allow the spots to grow and the Narasimha intermittency curve is followed. The same trend is found for the 1H grid (lower turbulence level). The only dierence is that the latter part of the transition zone is described better by the Johnson model than by the Narasimha model. Both distributions are given in Fig. 13 .
For the intermittencies which are described by the exponential and the pre-transition model, an estimate of the numerical value of the parameters involved can be made. A data ®t gives the values of mw and a directly (Table 3) .
Pre-transition±Narasimha coupling
The Narasimha model can be transformed to a dimensionless form
In this equation, nr is the dimensionless spot production parameter which describes the transition length. Mayle presented a correlation for the spot production parameter as a function of the turbulence level nr 1X5 Â 10 À11 Tu 7a4 X 19 The data used for deriving this relation together with the spot production parameters resulting from the present measurements are given in Fig. 14 . The production parameters are determined in the area in which the Narasimha model describes the intermittency best. The turbulence levels are measured 27 mm in front of the leading edge of the sensor plate. This implies that the turbulence level just above the leading edge is slightly lower. We ®nd that nr agrees well with that of Eq. (19). Mayle also derived a correlation for the momentum thickness Reynolds number at transition start. This relation is given by
The 1L grid is the only grid which does not show a pretransition or exponential intermittency distribution. Determining the transition start by using Eq. (13) gives a Re hYtr of 343. Using Mayle's equation gives an expected start at 348, so good agreement is found for this turbulence grid. However, the transition start for the other grids is situated much more towards the leading edge (Table 4 ; accuracy AE10%).
Cross-correlations
At low turbulence levels spots are recognised in thē ux signal (e.g. Fig. 10 ). However, no spots are seen directly in the transition zone where the exponential model ®ts the measurements. The same is valid for the signals taken in the pre transition zone for the several grids. Cross-correlating the output of two sensors, with a streamwise distance of 10 mm, gives a correlation at a velocity of approximately 56% of the main stream velocity (sampling frequency 380 kHz; ®ltered at 50 kHz). This indicates that in these areas in the transition zone disturbances are present which move at a velocity which is characteristic for turbulent spots. This leads us to the conclusion that very tiny spots, which are not directly visible in the heat¯ux signals, are present in both transition cases. For completeness, also cross-correlation measurements are performed in the laminar boundary layer. For these experiments no correlation at any velocity was present, indicating that no artefacts are present.
An estimate of the initial spot size for the exponential and pre transition intermittency distributions can be made as follows. From the high frequency measured heat¯ux in the transition zone it is found that the (un®ltered) noise level is 2 kWam 2 . The sensor signal should raise from the laminar value to the turbulent value when the sensor (width 3 mm) is covered fully by a spot. In this case the sensor output increases with a¯ux level of the order of 1X5 kWam 2 , depending on the unit Reynolds number and the stream wise position. To detect spots with size in the order of the sensor width a minimum sampling frequency of 25 kHz is needed. For the correlation experiments the frequency was 380 kHz, so detection of that large spots should not be a problem. Now suppose that the spotsize is 1 3 of the sensor width. This corresponds to a¯ux increase of 0.5 kWam 2 and a frequency of 75 kHz. As well as the noise level and sampling frequency are not sucient to detect these spots. While no individual spots are recognisable in the¯ux signal but the cross-correlation indicates the appearance of spots, it is estimated that the sensor is covered for less than 1 3 . Therefore, this estimation gives a maximum size of 1 mm (approximately 15 times the boundary layer thickness at the transition start). Note that this argument also holds for clusters of spots.
Conclusions
Boundary layer transition experiments are performed at high subsonic velocities. It is found that several stages in the transition process can be recognised, depending on the turbulence generating grid. These stages are well described by assuming some new sources of the initiation and growth of turbulent spots. Fig. 15 shows the three dierent intermittency distributions obtained in the present experiments. The observations in the heat ux signals as a function of the turbulence grid, can be summarised in ®ve regions which are given below. 1. Laminar boundary layer. In this region no turbulent spots are recognised. Cross-correlation at high frequency does not give any indication of small spots. 2. Transition zone for the 4H and 3H grids (high turbulence levels). No turbulent spots can be recognised in the heat¯ux signals directly. However, cross-correlation of high frequency¯ux signals indicates that small spots are present. The exponential model describes the intermittency well. 3. Pre-transition zone for the 1H, 2L, 2H and 3L grid (intermediate turbulence levels). No turbulent spots are recognised in the heat¯ux signals directly. However, cross-correlation of high frequency¯ux signals indicates that small spots are present. The front part of the intermittency curve is described by an intermittency distribution which follows from the assumption that spots decrease in size. 4. Transition zone for the 2L, 2H and 3L grid. Turbulent spots can clearly be recognised in the heat¯ux signals. This zone is described well by the Narasimha intermittency distribution. 5. Transition zone for the 1L grid. Turbulent spots can clearly be recognised in the heat¯ux signals. This zone is described well by the Johnson intermittency distribution.
